Purpose Methylenedioxymethamphetamine (MDMA, ecstasy) is used recreationally and frequently leads to sympathomimetic toxicity. MDMA produces cardiovascular and subjective stimulant effects that were shown to partially depend on the norepinephrine transporter (NET)-mediated release of norepinephrine and stimulation of α 1 -adrenergic receptors. Genetic variants, such as single-nucleotide polymorphisms (SNPs), of the NET gene (SLC6A2) may explain interindividual differences in the acute stimulant-type responses to MDMA in humans. Methods We characterized the effects of common genetic variants of the SLC6A2 gene (rs168924, rs47958, rs1861647, rs2242446, and rs36029) on cardiovascular and subjective stimulation after MDMA administration in 124 healthy subjects in a pooled analysis of eight double-blind, placebo-controlled studies. Results Carriers of the GG genotype of the SLC6A2 rs1861647 SNP presented higher elevations of heart rate and rate-pressure product after MDMA than subjects with one or no G alleles. Subjects with a C allele in the SLC6A2 rs2242446 SNP presented higher elevations of the heart rate after MDMA administration compared with the TT genotype. Subjects with the AA genotype of the SLC6A2 rs36029 SNP presented higher elevations of mean arterial pressure and rate pressure product after MDMA administration than carriers of the G allele. The SLC6A2 rs168924 and rs47958 SNPs did not alter the response to MDMA. Conclusions Genetic polymorphisms of the SLC6A2 gene weakly moderated the acute cardiovascular response to MDMA in controlled studies and may play a minor role in adverse cardiovascular events when MDMA is used recreationally.
Introduction
3,4-Methylenedioxymethamphetamine (MDMA; ecstasy) is used recreationally for its ability to enhance empathic feelings and sociability [1, 2] . MDMA has also been investigated as a treatment for posttraumatic stress disorder [3, 4] . However, MDMA produces adverse effects, including cardio-and psychostimulant effects to varying degrees [5] [6] [7] . The sympathomimetic effects of MDMA vary across subjects, and high blood pressure responses were observed in a few subjects [6, 8] . The response to MDMA varies between subjects, and genetic variations may explain some of this interindividual variation [9] [10] [11] . For example, genetic variations of the enzymes that are involved in MDMA metabolism (mainly CYP2D6) have been shown to affect plasma levels of MDMA and its metabolites [9, 10, 12] and moderate the pharmacokinetics and partially the pharmacodynamics of MDMA. However, genetic variants of the pharmacological targets of MDMA [7, 13] may also moderate its pharmacodynamic effects, but such effects have not yet been studied.
MDMA interacts with presynaptic monoamine transporters and mainly causes the transporter-mediated efflux of serotonin (5-hydroxytryptamine ) and norepinephrine (NE; [14] [15] [16] [17] ). The transporter-mediated efflux Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00228-017-2392-2) contains supplementary material, which is available to authorized users.
of NE has been suggested to critically contribute to the cardio-and psychostimulant effects of MDMA [7, 13, 18, 19] . The solute carrier family 6 (neurotransmitter transporter, NE transporter [NET]), member 2 (SLC6A2) is a crucial player in the noradrenergic system and involved in the mechanism of action of MDMA in humans. Inhibition of the NET significantly attenuated the sympathomimetic stimulant-like effects of MDMA and other stimulant-type substances [7, 20] . In a controlled study in healthy subjects, the NET inhibitor reboxetine reduced the MDMA-induced elevations of blood pressure and heart rate and subjective stimulation and increased the pupil diameter at rest and after light [7, 21] , indicating a role for the NET in mediating the MDMA response [22] . Similarly, pretreatment with the NET inhibitor atomoxetine attenuated D-amphetamine-induced elevations of blood pressure and self-reported ratings of feeling Bstimulated^ [20] . Another study in humans showed a similar reduction of cardiostimulant responses to cocaine after treatment with the NET inhibitor atomoxetine [23] .
Several genetic variations of the SLC6A2 gene that are caused by single-nucleotide polymorphisms (SNPs) are associated with different functional phenotypes. However, the roles of these genotypes in the effects MDMA have not yet been investigated. Therefore, we focused on validated, polymorphic (minor allele frequency in Caucasians > 0.1), and potentially functionally relevant variants of SLC6A2. Specifically, the G allele of the SLC6A2 rs168924 SNP was associated with hypertension in Japanese patients [24] but lower blood pressure in Caucasians [25] . Subjects with the AA genotype of the SLC6A2 rs1861647 SNP or CC genotype of the SLC6A2 rs47958 SNP had higher subjective elation scores in response to D-amphetamine compared with carriers of the G allele [26] or A allele [27] , respectively. The SLC6A2 rs2242446 SNP was shown to influence blood pressure during exercise [28] . Additionally, an association was found between the rs2242446 SNP and recurrent depression [29] and antidepressant response to the 5-HT/NE transporter inhibitor milnacipran [30] . Finally, the SLC6A2 rs36029 SNP was shown to be significantly associated with alcohol dependence [31] .
The present study investigated the impact of genotypes within the noradrenergic system on the effects of MDMA. We evaluated whether the SLC6A2 rs168924, rs47958, rs1861647, rs2242446, and rs36029 SNPs influence the cardiovascular and subjective stimulant effects of MDMA. MDMA-induced peak increases in the ratepressure product (RPP) and subjective ratings of stimulation were considered the two primary endpoints. Plasma concentrations of MDMA and NE were determined to exclude possible confounding effects on the influence of genotype.
Methods

Study design
This was a pooled analysis of eight Phase I double-blind, placebo-controlled, crossover studies in healthy subjects that used similar methods [7, 13, 21, [32] [33] [34] [35] [36] . These studies included a total of 136 healthy subjects. Seven studies included 16 subjects each, for a total of 112 subjects, who received 125 mg MDMA twice, once alone, and once after pretreatment with a medication [7, 13, 21, [32] [33] [34] [35] [36] . An additional study included 24 subjects who received 125 mg MDMA once alone, placebo, or other treatments [36] . In the present analysis, only data from the MDMA-alone and placebo sessions were used. In all of the studies, the washout periods between single-dose administrations of MDMA were at least 7 days to exclude carryover effects. The studies were all registered at ClinicalTrials. gov (NCT00886886, NCT00990067, NCT01136278, N C T 0 1 2 7 0 6 7 2 , N C T 0 1 3 8 6 1 7 7 , N C T 0 1 4 6 5 6 8 5 , NCT01771874, and NCT01951508). All of the studies were approved by the local ethics committee and Swiss Agency for Therapeutic Products (Swissmedic). The studies were conducted in accordance with the Declaration of Helsinki. MDMA administration in healthy subjects was authorized by the Swiss Federal Office for Public Health (BAG), Bern, Switzerland. Informed consent was obtained from all of the participants who were included in the studies. All of the subjects were paid for their participation. Pharmacokinetic and safety data from these studies have been reported elsewhere [6, 9, 10] . In all studies, test sessions took place in a quiet hospital research ward with no more than two research subjects present per session. The participants were comfortably lying in hospital beds and were mostly listening to music and did not engage in physical activities. MDMA was given without food in the fasting state in the morning at 8: 00-9:00 a.m.. A small standardized lunch was served at 12: 00-1:00 p.m.
Subjects
A total of 136 healthy European/Caucasian subjects, 18-44 years old (mean ± SD = 24.8 ± 4 years), were recruited from the University of Basel campus and participated in the study. One genotyping sample was missing, three participants did not give consent for genotyping, and eight subjects participated twice, and only the first participation was included, resulting in data from 124 subjects. The mean ± SD body weight was 68 ± 10 kg (range 46-90 kg).
The exclusion criteria included a history of psychiatric disorders, physical illness, a lifetime history of using illicit drugs more than five times (with the exception of past cannabis use), illicit drug use within the past 2 months, and illicit drug use during the study, determined by urine tests that were conducted before the test sessions as reported in detail elsewhere [13, 21, 32, 33] . Thirty-eight subjects had prior illicit drug experiences (1-5 times), of which 16 subjects had previously used MDMA (1-2 times), 7 amphetamine or methamphetamine (1 time), 9 cocaine (1-3 times), 6 lysergic acid diethylamide (1 time), and 11 psilocybin (1-4 times).
Study drug (±)MDMA hydrochloride (Lipomed AG, Arlesheim, Switzerland) was administered orally in a single dose of 125 mg, prepared as gelatin capsules (Bichsel Laboratories, Interlaken, Switzerland). Similar amounts of MDMA are found in ecstasy pills [37] and have been used in clinical studies in patients [3, 4] . The doses were not adjusted for body weight or sex. The dose per body weight (mean ± SD) was 1.9 ± 0.3 mg/kg (1.7 ± 0.2 mg/kg for men and 2.1 ± 0.3 mg/kg for women, range 1.4-2.7 mg/kg).
Cardiovascular effects
Blood pressure and heart rate were assessed repeatedly before and 0, 0.33, 0.67, 1, 1.5, 2, 2.5, 3, 4, 5, and 6 h after MDMA or placebo administration. Systolic and diastolic blood pressure and heart rate were measured using an automatic oscillometric device (OMRON Healthcare Europe NA, Hoofddorp, Netherlands). The measurements were performed in duplicate at an interval of 1 min and after a resting time of at least 10 min. The averages were calculated for the analysis. Mean arterial pressure (MAP) was calculated as diastolic blood pressure + (systolic blood pressure − diastolic blood pressure) / 3. The RPP was calculated as systolic blood pressure × heart rate and was considered the primary cardiovascular measure that reflected overall cardiovascular stimulation.
Subjective effects
To assess subjective stimulation, a visual analog scale of Bstimulated^was presented as a 100-mm horizontal line (0-100%), marked from Bnot at all^on the left to Bextremely^on the right [1] . The scale was administered before and 0, 0.33, 0.67, 1, 1.5, 2, 2.5, 3, 4, 5, and 6 h after MDMA or placebo administration.
Plasma concentrations of MDMA and norepinephrine
Plasma levels of MDMA were determined before and 0.5, 1, 1.5, 2, 3, 4, and 6 h after drug administration [34] . Plasma levels of NE were measured before and 2 h after drug administration as described previously [7, 38] .
Pupillometry
Pupillometry was performed 1 h before and 0, 0.33, 0.66, 1, 1.5, 2, 2.5, 3, 4, 5, and 6 h after MDMA or placebo administration. Pupil function was measured under standardized darklight conditions using a hand-held PRL-200 infrared pupillometer (NeurOptics, Irvine, CA) as reported previously in detail [21] . Dark-adapted pupil diameter and minimal pupil diameter after a light stimulus were assessed.
Genotyping
Genomic DNA was extracted from whole blood using the QIAamp DNA Blood Mini Kit (Qiagen, Hombrechtikon, Switzerland) and automated QIAcube system. Genotyping was performed using commercial TaqMan SNP genotyping assays (LuBio Science, Lucerne, Switzerland) and the TaqMan Genotyping Master Mix. Fluorescence was detected using the ViiA7 real-time PCR system. We assayed the following SLC6A2 SNPs: rs168924 (assay: C____581568_10), rs1861647 (assay: C___1232469_30), rs47958 (0.39, assay: C___3020083_10), rs2242446 (assay: C__26354911_10), rs36029 (C___1232432_10). We also assayed the following ADRA1A SNP: rs1048101 (assay: C___2696454_30). However, due to inconsistency with the Hardy-Weinberg equilibrium, we excluded the ADRA1A rs1048101 SNP from further analysis. The rs1861647 genotype could not be determined in one subject.
Statistical analysis
The statistical analyses were performed using Statistica 12 software (StatSoft, Tulsa, OK, USA). For repeatedly measured data, peak effects (E max ) and areas under the effecttime curve (AUEC) from 0 to 6 h values were determined for MDMA and placebo. Differences in E max and AUEC values (MDMA-placebo) were then analyzed using one-way analysis of variance (ANOVA), with genotype as the betweengroup factor, followed by the Tukey post hoc test. The primary analysis did not control for the multiple comparisons, but a secondary analysis was conducted using Bonferroni correction for the five SNPs. To account for differences in plasma concentrations of MDMA that were caused by differences in body weight, dosing, or metabolizing enzymes [9, 10] , the area under the MDMA plasma concentration-time curve from 0 to 6 h (AUC) was included as a covariate in the ANOVAs, and we report the corrected statistics. Additionally, moderating effects of sex were explored by adding sex as a betweensubjects factor in the ANOVAs. E max values were obtained directly from the observed data, and AUC and AUEC curves were calculated using the linear-log trapezoidal method in Phoenix WinNonlin 6.4 (Certara, Princeton, NJ).
Results
Effects of the SNPs on the maximum response (E max ) to MDMA are shown in Table 1. Supplementary Table S1 shows the data without adjustment for MDMA plasma concentrations. Supplementary Table S2 shows effects of the SNPs on the overall response to MDMA (AUEC values).
Genotyping
The 43%] ), respectively. The tested genetic variants were consistent with the Hardy-Weinberg equilibrium (p > 0.05) with the exception of rs1048101 (p = 0.01).
Plasma concentrations of MDMA and norepinephrine
Plasma concentrations of MDMA and norepinephrine did not differ between the different genotype groups (Table 1 and  Supplementary Table S1 ).
Subjective effects
None of the examined polymorphisms influenced subjective stimulation that was induced by MDMA (Table 1,  Supplementary Tables S1 and S2 ).
Pupillary effects
None of the examined polymorphisms influenced the MDMA-induced change in pupillary size before and after light stimulus (Table 1 and Supplementary Tables S1 and S2) .
Cardiovascular effects
The effects of the polymorphisms on elevations of MAP, heart rate, and RPP in response to MDMA (adjusted for differences in plasma MDMA concentrations) are shown in Table 1 and Fig. 1 . The rs1861647 SNP located in SLC6A2 significantly altered the elevations of heart rate and RPP after MDMA administration. The effect on the heart rate remained significant after Bonferroni correction for multiple testing (p < 0.05). Subjects with the GG genotype had significantly higher elevations of heart rate and RPP after MDMA administration than subjects with the AG genotype. When we combined the AA and AG genotype groups, subjects with the GG genotype presented higher elevations of heart rate and RPP than carriers of the minor A allele (F 1,120 = 9.79, p < 0.01 and F 1,120 = 7.53, p < 0.01, respectively). These effects remained significant after Bonferroni correction for multiple testing (p < 0.02 and p < 0.04, respectively).
The rs2242446 SNP significantly moderated the elevation of RPP after MDMA administration, which was attributable to significant moderating effects on MDMA-induced changes in MAP and heart rate. The CC genotype presented elevations of heart rate, MAP, and RPP after MDMA administration compared with the TT genotype. When we combined the rs2242446 CT and CC genotype groups, subjects with the TT genotype presented lower elevations of heart rate and RPP than carriers of the C allele (F 1,121 = 7.81, p < 0.01 and F 1,121 = 5.64, p < 0.05, respectively). The difference between the genotype groups and the combined groups (TT and CT/ CC) in the effects of MDMA on heart rate remained significant after Bonferroni correction for multiple testing (p < 0.04 and p < 0.04, respectively).
Significant main effects of the rs36029 SNP on MDMAinduced elevations of MAP and RPP were found. When we combined the rs36029 AG and GG genotype groups, subjects with the AA genotype presented higher elevations of MAP, heart rate, and RPP than carriers of the G allele (F 1,121 = 9.870, p < 0.01; F 1,121 = 4.24, p < 0.05; and F 1,121 = 6.91, p < 0.01, respectively). The difference in the effects of MDMA on MAP between the genotype groups and difference in the effects of MDMA on MAP and RPP between the combined groups (AA and AG/GG) remained significant after Bonferroni correction for multiple testing (p < 0.05, p < 0.02, and p < 0.05, respectively).
The effects of the rs1861647, rs2242446, and rs36029 SNPs on the peak response to MDMA were similar when the analyses were performed without using MDMA plasma concentrations as covariate in the ANOVAs (Supplementary  Table S1 ). However, none of the SNPs altered the overall cardiovascular response to MDMA as expressed by the AUEC values (Supplementary Table S2 ) with the exception of the effect of the rs36029 SNP on the MAP.
The rs168924 and rs47958 SNPs did not alter the effects of MDMA. When we applied Bonferroni correction for multiple testing (for five SNPs), none of the statistical findings remained significant in the additive genotype group models (Table 1 ) with the exception of the effect of the rs2242446 SNP on heart rate, and sex did not alter the influence of the SNPs on the response to MDMA (Supplementary Table S3 ).
Discussion
The present study investigated the effect of interindividual differences in the SLC6A2 gene on the cardiovascular and subjective stimulant response to MDMA. None of the investigated SNPs moderated the subjective stimulant effects of MDMA. Three SNPs of the SLC6A2 gene (rs1861647, , and rs36029) influenced the cardiovascular response to MDMA. However, the effect sizes for these genetic variants were rather small and not very robust. In fact, Bonferroni correction of the data for the five SNPs resulted in the loss of most statistical significance. Thus, although the NET has been implicated in the stimulant-type response to MDMA [7] , the genetic variants of the NET gene (SLC6A2) that were evaluated herein only minimally influenced the response to MDMA. To our knowledge, the present study was the first to explore the role of SNPs of the SLC6A2 gene in the response to MDMA. Thus, no comparisons can be made with other studies that tested MDMA. In a previous study, C-allele carriers of the SLC6A2 rs2242446 SNP presented higher blood pressure after physical exercise [28] , which is consistent with the greater blood pressure response in the present study following the administration of a pharmacological stimulant. Additionally, plasma NE concentrations after exercise differed between different rs2242446 genotypes [28] . In the present study, however, no differences in NE levels after MDMA administration were found between genotype groups. The effects of the SLC6A2 rs1861647 and rs47958 SNPs on the response to D-amphetamine have previously been reported [26, 27, 39] . Initial studies showed that subjects with the AA genotype of rs1861647 had higher vigor scores after D-amphetamine administration [26] . Additionally, subjects with the CC genotype of rs47958 had higher positive mood scores [27] . However, a subsequent larger replication study found no influence of the different rs1861647 and rs47958 genotypes on the response to D-amphetamine [39] as similarly documented in the present study for the subjective response to MDMA. However, the effects of SLC6A2 SNPs on the cardiovascular response to D-amphetamine or MDMA have not been studied previously; therefore, the role of the rs1861647 SNP in the cardiovascular stimulant effects of MDMA that was identified in the present study needs further investigation.
Additionally, none of the NET genotypes moderated the MDMA-induced increase in pupil size [21] .
The present study has several limitations. First, the sample size was relatively small when considering the mostly small effect sizes for the influence of genetic variants on the MDMA response. Additionally, significant findings in the additive genotype models were mostly lost after Bonferroni correction. Confirmation in studies with larger samples is needed. However, we unlikely missed very large effect sizes for the influence of these genetic variants or possible haplotypes. F and p values are from ANCOVAs (except for the MDMA concentrations) with MDMA AUC as covariate to account for differences in MDMA concentrations N number of subjects, SNP single nucleotide polymorphism, E max peak effect, AUC area under the concentration-time curve from 0 to 6 h, NS not significant, Δ values are change scores from placebo (mdma-placebo) *p < 0.05; **p < 0.01 compared to rs1861647 GG; ***p < 0.05 compared to rs2242446 CC Fig. 1 Effects of common genetic variants of the SLC6A2 gene (rs168924, rs47958, rs1861647, rs2242446, and rs36029) on cardiovascular stimulation after MDMA administration in 124 healthy subjects. Homozygous carriers of SLC6A2 rs1861647 G allele presented higher elevations of heart rate and rate-pressure product after MDMA than subjects with one G allele. Subjects with the CC genotype of the SLC6A2 rs2242446 SNP presented higher elevations of heart rate, mean arterial pressure, and rate-pressure product after MDMA administration compared with the TT genotype group. The SLC6A2 rs168924 and rs47958 SNPs did not significantly alter the response to MDMA. The corresponding maximal effects and statistics are shown in Table 1 . The data are expressed as mean ± SEM. MDMA or placebo was administered at time = 0 Second, the study was conducted in mostly young and healthy volunteers. Therefore, the findings cannot necessarily be generalized to people with hypertension or other cardiovascular risk factors. Third, SNPs of the genes of other targets of MDMA, such as the 5-HT transporter [13, 18] , may also be involved but were not tested in the present study. However, we considered the moderating effects of known genetic variants that influence the metabolism of MDMA [9, 10] by accounting for interindividual differences in plasma MDMA concentrations.
In conclusion, the present study investigated the influence of genetic polymorphisms of the SLC6A2 gene on the response to MDMA. Three SNPs of the SLC6A2 gene (rs2242446, rs1861647, and rs36029) weakly altered the cardiovascular effects of MDMA in healthy subjects. It can be assumed that these genetic polymorphisms may play a minor role in adverse cardiovascular events when MDMA is used recreationally or therapeutically.
